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Introduction 44
Human noroviruses (HuNoVs) are major causative agents of nonbacterial acute 45 gastroenteritis in humans, which constitute a substantial disease burden worldwide (1) . Noroviruses 46 belong to the genus Norovirus in the family Caliciviridae. The genus Norovirus is divided into 5 47 9 mixture for 12 h, followed by 2 mL of LR white resin and 100% ethanol (2:1) mixture for 12 h. The 176 solution was replaced with 2 mL of pure LR white resin for 1 h, followed by another 2 mL of pure 177 LR white resin for 12 h. The cell pellet in the pure LR white resin were polymerized using an 178 ultraviolet polymerizer (TUV-100; Dosaka EM Co., Ltd., Japan) at 4°C for 3 days. Ultrathin 179 sections (70-nm thick) were prepared from the embedded cell pellet using a diamond knife on an 180 ultramicrotome (RMC MTXL; Boeckeler Instruments Inc., USA) and then placed on nickel grids. 181
The ultrathin sections on grids were washed by floating the grid upside-down on a drop of PBS at 182
RT for 1 min. The following incubations were also conducted by floating the grid upside-down on 183 drops of reagent at RT. The sections were blocked with 4% BSA in PBS for 5 min and incubated 184 with anti-blood group A, B, or O(H) mouse monoclonal antibody (sc-69951, sc-69952, and 185 sc-52372, respectively; Santa Cruz Biotechnology Inc.) diluted to 1:30 with PBS containing 1% 186
BSA for 2 h, followed by washing with PBS (six washes, 1 min each). In a competitive adsorption 187 test, an ultrathin section was incubated with 100 µg/mL of Soybean agglutinin prior to incubation 188 with anti-blood group A antibody (sc-69951, Santa Cruz Biotechnology Inc.). The bound primary 189 antibodies were localized by incubating the sections on anti-mouse IgM antibody gold conjugate 190 (10 nm, ab39613; Abcam, Japan) diluted to 1:10 with PBS containing 1% BSA for 1 h, followed by 191 washing with PBS (six washes, 1 min each). The sections were fixed with 2% glutaraldehyde in 192 PBS for 15 min, followed by washing with deionized distilled water (DDW; seven washes, 1 min 193 each). Finally, the sections were stained with 5% uranyl acetate, followed by washing with 50% 194 ethanol for 1 min and DDW (four washes, 1 min each). Stained sections were observed by TEM. A 195 grid was also prepared without the incubation with primary antibodies, which was used as a control. 196
Assay of NoVLP binding to HBGA-like substances in bacterial polymeric substances. 197 10
Based on a hypothesis that HBGA-like substances were polysaccharides in EPS or LPS, we 198 extracted EPS and LPS from Enterobacter sp. SENG-6. Bacterial EPS was also extracted from S. 199 epidermidis ATCC 35984. EPS was extracted according to Liu and Fang (24) with some 200 modifications. This procedure was used because Pan et al. found that the application of this method 201 to algae-bacteria biofilm produced a higher yield of carbohydrate in EPS, whereas the protein yield 202 was lower than that with other extraction methods (25). The bacterial strains were incubated at 203 37C for 18-20 h in 400 mL of each medium, as described previously. The cell suspension (10 10-11 204 cells/mL) was transferred to 2  225-mL centrifuge tubes and centrifuged at 3000 g for 5 min. The 205 resulting cell pellet was re-suspended in 40 mL of PBS using a vortex mixer for 2 min to displace 206 EPS from the cells. No chemicals were used in this first step of EPS recovery. Therefore, the 207 destruction of bacterial cells and the recovery of cellular proteins and genomic DNA components 208 were minimized. Eighty milliliters of the cell suspension were transferred to 2  50-mL centrifuge 209 tubes and centrifuged at 9000 g for 5 min. The supernatant containing EPS was collected and 210 filtered using a mixed cellulose ester membrane filter (0.20-μm pore size and 25-mm diameter; 211 25AS020AS; Advantec, Toyo Roshi Kaisha Ltd.) to remove bacterial cells. Eighty milliliters of the 212 filtrate were purified with mixed cellulose dialysis tubing (MWCO of 3500-5000 Da; 131 204; 213 Spectrum Laboratories Inc., USA) in DDW at 4°C for 24 h. The purified solution was lyophilized at 214 −50C for 48 h, and the resulting pellet was dissolved in 4 mL of DDW. 215
The remaining bacterial cells in the EPS extract from Enterobacter sp. SENG-6 were used 216 to extract SOM, which is mainly composed of LPS according to Takaara et al. (26) . The cell pellet 217 was lyophilized using a vacuum freeze dryer, and the lyophilized cells were suspended in 4 mL of 218 autoclaved distilled water at 65C. Next, 4 mL of 90% phenol (65C) was added. After vigorous 219 11 stirring with a vortex mixer, the samples were stirred for 15 min at 65C and left for 15 min on ice. 220
The cooled samples were centrifuged at 4000 g for 30 min at 2C. Components of the 221 cell-associated hydrophilic substances, which comprised mainly LPS and cellular RNA (27), were 222 fractionated in the aqueous phase. The aqueous phase (4 mL) was then mixed with 4 mL of 90% 223 phenol at 65C. The samples were cooled on ice and centrifuged at 4000 g for 30 min at 2C. The 224 aqueous phase was collected and treated with 100 mg/mL RNase A (Sigma-Aldrich) for 6 h at 37C 225 to eliminate RNA components. Next, RNase A molecules were removed by phenol chloroform 226 precipitation, and organic substances in the supernatant were purified further by ethanol 227 precipitation. The degradation of RNA molecules by the RNase A treatment was confirmed visibly 228 by agarose gel (1.5%) electrophoresis, ethidium bromide staining, and UV light excitation. The 229 pellet collected after ethanol precipitation was suspended in DDW and stored as an SOM fraction at 230 −80C until further analysis. In addition to SOM, LPS of Enterobacter sp. SENG-6 was extracted 231 separately using a LPS Extraction Kit (17141; Cosmo Bio Co., Ltd., Tokyo, Japan). The endotoxin 232 units of SOM and LPS were quantified using an EndoLISA Endotoxin Detection Kit (609033; J.K. 233
International, Tokyo, Japan) to confirm the presence of lipid A in the extracted bacterial substances. 234
NoVLP binding to the extracted EPS, SOM, and LPS was analyzed by ELISA. Fifty 235 microliters of NoVLP GII.6 suspension in PBS (10 9-10 particles/mL) was added to each well of an 236 ELISA plate and maintained at RT for 1 h to coat the well. Triplicate wells were used for each 237 sample. The wells were washed two times with PBS and blocked with 5% BSA in PBS. After 238 incubation at RT for 2 h, the wells were washed two times with PBS and 50 μL of the extracted EPS, 239 SOM, or LPS was applied to the wells. After incubation at RT for 1 h, the wells were washed two 240 times with PBS and 50 μL of anti-blood group A, B, or O(H) mouse monoclonal antibodies12 (sc-69951, sc-69952, and sc-52372, respectively; Santa Cruz Biotechnology Inc., USA) diluted to 242 1:100 with PBS containing 5% BSA was applied to the wells. After incubation at RT for 1 h, the 243 wells were washed two times with PBS and 50 μL of HRP-conjugated anti-mouse IgM antibody 244 (A90-101P; Bethyl Laboratories, USA) diluted to 1:500 with PBS containing 5% BSA was 245 inoculated into each well. After incubation at RT for 1 h, the wells were washed four times with 246 PBS and the bound HRP-conjugated antibodies were measured as described previously. Wells 247 without addition of EPS were used as controls. μg total protein/mL was placed on a sensor chip and incubated at RT for 1 h. The sensor chip was 268 blocked with 0.1% BSA in PBS. After incubation at RT for 1 h, the chip was washed with DDW 269 and installed in the reactor of a QCM instrument (Single-Q0500; BioLab; AsOne Co., Ltd., Japan). 270
The reactor was filled with 500 μL of PBS and stirred at 300 rpm during measurements. When the 271 frequency of the chip stabilized, 3-μL aliquot of 1 mg TOC/mL of the extracted EPS in PBS was 272 inoculated into the reactor consecutively to produce a total of 24 μL, and the change in the 273 frequency of the chip (ΔF) was recorded. This adsorption experiment was performed three times, 274 and the adsorption isotherms were obtained. As controls, adsorption isotherms were obtained 275 without NoVLPs immobilized on the sensor chip. The difference between the ΔF values of the test 276 and control conditions (ΔΔF) was used to calculate the equilibrium binding constant. The molecular 277 weight of the HBGA-like EPS from Enterobacter sp. SENG-6 was estimated to calculate the 278 apparent equilibrium binding constant of the HBGA-like EPS from Enterobacter sp. SENG-6 and 279 GII.6 NoVLP according to the Langmuir adsorption isotherm. In brief, the extracted EPS was 280 fractionated using an ultrafiltration device (Nanosep Centrifugal Device; MWCO of 300 kDa; Pall 281 Corporation, USA), and the filtrate was collected. The amount of A-like substances in the filtrate 282 was measured by ELISA using anti-blood group A antibody, as described above. (e.g., NMCA1-7 and NMC20B1-4), whereas two other strains (MURA1-1 and MUR18B1-4) with 301 similarity of 99.5 and 99.6%, respectively, had only A blood group activity, while NMC20B1-6 with 302 a similarity of 99.5% had only O(H) blood activity. All 5 strains that were closely related to E. Each NoVLP genotype was mixed with each strain, and unbound NoVLPs were detected by ELISA 316 (Fig. 2) . Each NoVLP genotype was also mixed with PBS (without bacterial cells), which was used 317 as a negative control. All NoVLP genotypes tested bound significantly to Enterobacter sp. SENG-6 318 (p < 0.01). While GII.4 NoVLP bound to S. epidermidis ATCC 35984 ( Fig. 2A) , it was previously 319
shown that this genotype recognizes a broad range of ligands other than HBGAs, such as those 320 containing sialic acid (29-31). 321
The direct visualization with TEM confirmed that NoVLP genotypes GI.7 and GII.6 322 bound to Enterobacter sp. SENG-6 (Fig. 3A and 3B ). The majority of these NoVLPs were observed 323 to bind mainly to the EPS of Enterobacter sp. SENG-6 (Fig. 3A and 3B) , whereas a few NoVLPs 324 were observed in the region adjacent to bacterial cells. However, it was not determined by this 325 technique whether NoVLP bound to LPS of Enterobacter sp. SENG-6 because most LPS 326 components were covered by EPS, which would hamper the interaction between NoVLPs and LPS. Enterobacter sp. SENG-6 (Fig. 3C) , which had reacted with anti-A antibody. The scattered 333 occurrence of A-like substances outside bacterial cells suggests that these antigens were present at 334 the terminals of each extracellular polymer, although this needs to be confirmed by the structural 335 analysis of EPS. Fig. 3D shows that the number of gold nanoparticles in the ultrathin section was 336 reduced dramatically by pretreatment of the ultrathin section with Soybean agglutinin, which is a 337 lectin specific to N-acetylgalactosamine. This showed that anti-A antibodies labeled with gold 338 nanoparticles in the ultrathin section in Fig. 3C specifically bound to A-like substances that 339
contained N-acetylgalactosamine. In contrast, few B-and O(H)-like substances were observed in 340
Enterobacter sp. SENG-6 (Fig. 3E and 3F, respectively) , although the B and O(H) blood group 341 activities of this bacterial strain were confirmed using the blood group typing kit ( Table 2 ). The 342 failure to detect B-and O(H)-like substances in the immuno-TEM images may be attributable to a 343 subtle difference in the recognition of the antibodies used in the blood group typing kit and 344
immuno-TEM or insufficient amounts of B-and O(H)-like substances in immuno-TEM, although it 345
is difficult to compare the relative amounts of each HBGA-like substance. Gold nanoparticles did 346 not accumulate at the edges of the cell surfaces (Fig. 3C) , which showed that only limited amounts 347 of HBGA-like substances were present in LPS of Enterobacter sp. SENG-6, even if blood 348 type-active substances were present. 349
NoVLP binding to HBGA-like substances in bacterial EPS, SOM, and LPS. TEM 350
observations showed that NoVLPs were captured mainly in the bacterial EPS where the A-like 351 substances were present, whereas LPS had none or a low level of specific binding sites for NoVLPs 352 (Fig. 3) . To further elucidate the localization of HBGA-like substances, EPS, SOM, and LPS were 353 extracted separately from Enterobacter sp. SENG-6 and tested to detect HBGA-like substances by 354 ELISA using GII.6 NoVLP. GII.6 is one of the best genotypes for the binding assay because this 355 genotype was shown to bind to A, B, and O(H) antigens ( Table 1 NoVLPs of GI.1 wild-type (8fIIa) and mutant (W375A) strains. The GI.1 wild-type strain (8fIIa) 372 can recognize A antigen, whereas the mutant strain (W375A) has lost its ability for binding to A 373 antigen because of a point mutation from tryptophan to alanine at the 375th position (28). Fig. 4B  374 shows that A-like substances in EPS of Enterobacter sp. SENG-6 were detected when NoVLP of 375 the GI.1 wild-type strain (8fIIa) was immobilized in ELISA, but they were not detected when 376
NoVLP of the GI.1 mutant strain (W375A) was immobilized. Furthermore, the enzymatic treatment 377 of EPS with N-acetylgalactosaminidase, which can release the terminal N-acetylgalactosamine from 378
A antigen, weakened the interaction between EPS and NoVLP of the GI.1 wild-type strain (8fIIa) 379 (Fig. 4B) . These results show that A-like substances in EPS of Enterobacter sp. SENG-6 are the 380 binding sites of NoVLPs. The A antigen has also been found in HBGA-like substances in the 381 digestive tissues of oysters (32), and the critical role of the terminal N-acetylgalactosamine residue 382 in the strain-dependent accumulation of HuNoVs in oysters has been discussed previously (29, 30) . 383
Bacterial A-like substances can also affect the genotype-dependent fate of HuNoVs in the 384 environment because each HuNoVs genotype has its own HBGA binding profile (12). 385
The adsorption isotherms of the extracted EPS were determined for GII.6 NoVLP, which 386 was immobilized on a sensor chip (Fig. 5A and 5B). The ΔF values for EPS of Enterobacter sp. 387 SENG-6 with GII.6 NoVLP were higher than those under the NoVLP-negative condition, and this 388 difference was statistically significant according to a Mann-Whitney U test performed for each EPS 389 concentration (Fig. 5A) . In contrast, the ΔF values for the EPS extracted from S. epidermidis ATCC 390 35984 were not different from those under the NoVLP-negative condition (Fig. 5B) . These results 391 indicated that the EPS extracted from Enterobacter sp. SENG-6 can interact specifically with 392
NoVLP. In order to estimate the molecular weight of HBGA-positive EPS from Enterobacter sp. 393 SENG-6, the amount of A-like substances in the EPS extracted from Enterobacter sp. SENG-6 was 394 determined before and after ultrafiltration with a molecular weight cut off (MWCO) of 300 kDa. As 395 19 a result, the amount of A-like substances was significantly reduced by ultrafiltration (Fig. 5C) , 396 which suggested that the majority of A-like substances existed in EPS with a molecular weight 397 >300 kDa. If we assume that A-like antigens dominated EPS and that EPS carrying the HBGA-like 398 substances had a molecular weight of 300 kDa, the reciprocal plots of ΔΔF (the difference between 399 ΔF with NoVLPs and that without NoVLPs in Fig. 5A ) and EPS concentration is obtained (Fig. 5D) , 400 which gives the apparent equilibrium binding constant of 3.1  10 6 M −1 according to the Langmuir 401 adsorption isotherm. Since the molecular weight of HBGA-positive EPS is expected to be larger 402 than 300kDa (Fig. 5C) substances were present in LPS of the isolated strains. However, immuno-TEM imaging (Fig. 3)  427 and ELISA (Fig. 4) clearly showed that HBGA-like substances were localized mainly in the 428 bacterial EPS. Only Klebsiella sp. was suggested to have blood group active substances in its 429 capsular polysaccharide, although this was not proved (17). This is the first study to show that 430 human enteric bacteria possess HBGA-like substances in their EPS and that they can capture 431
HuNoVLPs. 432
Interaction between bacterial substances and NoVLPs. Four genotypes of NoVLP (GI.7, 433 GII.3, GII.4 and GII.6) were used in the binding assay to HBGA-positive (Enterobacter sp. 434 SENG-6) and HBGA-negative (S. epidermidis ATCC35984) cells, and only GII.4 bound to both 435 strains ( Fig. 2A) . It has been shown that NoV GII.4 may bind to multiple carbohydrate moieties, 436 We are very grateful to Dr. Mary Estes, Baylor College of Medicine, USA for providing 525 the NoVLP GI.1 wild-type strain (8fIIa) and the mutant strain (W375A). We also thank Ms. 
